In the year following the end of the 2009 eruption of Redoubt Volcano, Alaska, four signifi cant swarms of low-frequency, lowmagnitude (M L < 0.1) earthquakes occurred at shallow depths beneath the summit. Because swarms of low-frequency (LF) earthquakes preceded eruptions in 1989 and 2009, the posteruption swarms caused considerable concern and prompted the Alaska Volcano Observatory to raise the monitoring levels on three occasions. None of these swarms led to eruptions, however, and most observers (including us) initially concluded that the swarms had been caused by minor stress adjustments in the new lava dome or in the surrounding summit glaciers. New observations reveal that the shallow LF swarms were accompanied by 2 families of repeating earthquakes at depths between 3 km and 6 km below sea level, where the magma storage region is thought to be. These mid-crustal volcano-tectonic (VT) type earthquakes were identical to earthquakes recorded during the 2009 Redoubt eruption more than 6 months earlier. Focal mechanisms demonstrate that these earthquakes have thrust mechanisms inconsistent with the strike-slip nature of regional faulting. Based on these observations, we conclude that they are generated through processes occurring within the magma storage region. The concurrence of the repeating VT earthquakes with the shallow LF swarms indicates that the shallow LF earthquakes were also magmatically driven. Our results emphasize that even brief episodes of low-amplitude earthquake activity, such as the LF swarms observed at Redoubt following the 2009 eruption, can be indicative of magmatic activity. Perhaps more signifi cant, however, is the demonstration that the conduit system at Redoubt remained active, intact, and capable of transporting heat and fl uids to the surface months after the eruption was considered over.
INTRODUCTION
Volcanic eruptions rarely occur without precursory seismicity. Precursory seismic swarms, i.e., increases in earthquake rate within a given volume over a concentrated period of time without a clear mainshock (Mogi, 1963) , have been documented on time scales of months to hours prior to eruptions (e.g., Endo et al., 1981; Yokoyama and de la CruzReyna, 1990; Lahr et al., 1994; Jacobs and McNutt, 2010; Ruppert et al., 2011; Buurman et al., 2012) . Most increases in volcanic seismicity do not lead to eruptions, however, because seismic swarms can be caused by both magmatic and nonmagmatic processes. These processes include dike injection into the shallow crust, such as that observed at Akutan Volcano, Alaska (Lu et al., 2005) , Paricutin, Mexico (Gardine et al., 2011) , and Iliamna Volcano, Alaska (Roman and Power, 2011) ; ice and debris avalanches on the steeper portions of volcanic edifi ces (Caplan-Auerbach and Huggel, 2007) ; and tectonically driven stress changes in the crust (e.g., Vidale and Shearer, 2006) . Each of these processes generates distinct seismicity that varies both in location and waveform characteristics. The seismic record can therefore help constrain the source of earthquakes and assist with eruption forecasting.
Seismic swarms were frequently observed during the 1989 and 2009 eruptions of Redoubt Volcano, Alaska. During the 1989 eruption, 14 of the 22 explosions or dome collapses were preceded by swarms of low-frequency (LF) earthquakes (Power et al., 1994) . Similarly, during the 2009 eruption, three of the six seismic swarms (noted in Buurman et al., 2012) preceded explosive activity. The 2009 eruption began on 15 March 2009, and for almost 3 weeks was characterized by large magmatic explosions, numerous lahars, and episodic dome growth. The eruption entered an effusive phase following a fi nal explosion on 4 April, characterized by steady dome growth that persisted until the end of June 2009 (Schaefer, 2012) . Seismicity at Redoubt remained elevated until the end of August 2009.
The recurrence of earthquake swarms at Redoubt in December 2009 and April 2010, 6 and 10 months following the end of eruptive activity, prompted scientists to raise the alert level in anticipation of renewed eruptive activity (Power et al., 2012) . These swarms were characterized by repeating LF earthquakes observed only at the summit stations, indicating that the events were small (M L < 0.1) and that the source was high in the edifi ce (Fig. 1) . The source of these short-lived swarms was the subject of extensive debate among scientists at the Alaska Volcano Observatory because of Redoubt's well-documented history of seismic swarms preceding explosions and dome collapses. However, none of the swarms culminated in explosive activity. When it became clear that no eruption was imminent, the swarms were dismissed as having resulted from surfi cial processes: either stress adjustments from cooling and degassing within the new lava dome, or creep in the summit ice fi elds.
We present evidence that the swarms were in fact magmatically driven. We examined the seismicity that occurred below the edifi ce in December 2009 and April 2010 and found repeating volcano-tectonic (VT) earthquakes that accompanied the shallow LF swarms. These VT earthquakes share high degrees of waveform similarity with repeating earthquakes (identifi ed in Buurman et al., 2012) that occurred between 3 km and 6 km below sea level during the effusive phase of the 2009 eruption. We examined the shallow earthquake swarms and the deep repeating VT earthquakes before placing them in context with additional Using repeating volcano-tectonic earthquakes to track post-eruptive activity in the conduit system at Redoubt Volcano, Alaska geophysical observations to show that (1) the two sets of earthquakes were related, and (2) they were both most likely driven by magmatic processes.
SHALLOW LF SWARMS IN DECEMBER 2009 AND APRIL 2010
Four episodes of summit seismicity, lasting between 1 and 80 h, were recorded between December 2009 and April 2010. Each swarm episode began with a prolonged event that lasted ~15 s and registered at stations within 5 km of the vent (Fig. 1 ). These swarm onset events lacked distinct P-and S-wave arrivals, and were similar in frequency content to the repeating LF earthquakes that followed. All but the shortest swarm (on 29 April 2010) comprised more than one family of earthquakes, characterized by highly correlating waveforms (correlation values >0.8 over an 8 s waveform at station RSO) that occurred at rates of 1-2 min -1
. The waveforms showed some similarity between the different swarms (correlation values to 0.6), suggesting that the swarms shared a similar source mechanism and/or a similar location. The earthquakes were dominated by low frequencies, 1-6 Hz, were uniform in amplitude, and had durations at station RSO of ~8 s (Fig. 2B ).
There were no other notable changes in activity at Redoubt that coincided with the LF earthquake swarms. Both the geodetic record and the rate of earthquakes >M L 0.1 remained unchanged during each swarm episode (Dixon et al., 2011; J. Freymueller, 2012, personal commun.) . Gas emissions remained elevated for several years following the 2009 eruption (P. Kelly, 2012, personal commun.). However, sampling was sporadic and insuffi cient to determine whether there were changes in gas fl ux concurrent with the swarms (Werner et al., 2012) . Heat fl ux also remained elevated, and incandescent areas on the surface of the dome were observed using a low-light time-lapse camera following the end of the eruption in July 2009 until the end of April 2010 (Fig. 3) .
VT EARTHQUAKES NEAR THE MID-CRUSTAL MAGMA STORAGE REGION
Signifi cant VT earthquake activity occurred around the mid-crustal storage area, located between 3 and 10 km depth (Power et al., 2012; Coombs et al., 2012) , during both the 1989 and 2009 eruptions at Redoubt. This activity has been broadly interpreted as the brittle response of the crust due to stresses induced by magma (e.g., Power et al., 2012) . Buurman et al. (2012) demonstrated that a signifi cant subset of this seismicity during the 2009 eruption was composed of four families of repeating VT earthquakes. Repeating VT earthquakes occur as a result of repeated slip on a fault, and have been documented in a number of volcanic areas, including Mount St. Helens (Washington State; Frémont and Malone, 1987; Moran et al., 2008) , Augustine Volcano (Alaska; Buurman and West, 2010), Bezymianny Volcano (Kamchatka, Russia; Thelen et al., 2011), and Mount Etna (Italy; Cannata et al., 2011) .
The fi rst of the repeating VT earthquakes occurred 12.5 h prior to the last large magmatic explosion on 4 April 2009, after which they continued steadily through the effusive phase of the eruption ( Figs. 2A and  4A) . We searched the continuous waveform data for other occurrences of these earthquakes, using a master event cross-correlation technique. We achieved this by cross-correlating the four repeating VT earthquake families identifi ed by Buurman et al. (2012) No earthquakes from these families occurred in the 3 yr preceding the eruption. Commencing on 4 April 2009 and lasting throughout the dome-building phase of the eruption, 346 repeating VT earthquakes were recorded across the Redoubt seismic network. The four earthquake families contained 21-233 events. By June 2009, the rate of repeating VT earthquakes had tapered off contemporaneously with the rate of dome growth (Schaefer, 2012) . The timing of these earthquakes strongly indicates that they were caused by the withdrawal of magma from the crustal reservoir during dome growth.
The two largest repeating VT families returned in short bursts in December 2009 and April 2010 (Fig. 2) , each time within 3 d of the shallow LF swarms. Because these earthquakes were known from the eruption period to be markers for magma withdrawal, their return months later suggested that magma was again moving at depth.
We calculated composite fault-plane solutions and hypocenter relocations of the repeating VT earthquakes to investigate their relationship to the volcanic system at Redoubt. During the eruption, the seismic network consisted of 6 broadband and 8 short-period seismometers within 15 km of the vent, although at times the network was reduced to 11 operational stations (Dixon et al., 2010) . Initial hypocenter locations were calculated with the GENLOC package (Pavlis et al., 2004 ) using the Redoubt velocity model ( Fig. 4A ; Dixon et al., 2010) . We then relocated the earthquakes using HypoDD, the double-difference relocation algorithm of Waldhauser and Ellsworth (2000) . The relocated repeating earthquakes occur within the main region of earthquake activity below the vent, and cluster into 4 earthquake families that are spread over a 3 km depth range (Fig. 4A) .
We attempted to calculate double-couple fault-plane solutions based on P-wave fi rst-motion polarities picked from waveform stacks for the four earthquake families, using the FPFIT program (Reasenberg and Oppenheimer, 1985) . P-wave fi rst motion polarities from stations with known reversed polarities were corrected before fault-plane solution calculation. We were able to obtain reliable fault-plane solutions for the two largest families; graphical solutions are shown in Figures 4B and  4C , and numerical descriptions, including error information, are given in Table DR1 in the GSA Data Repository 1 . The fault-plane solutions for the two largest earthquake families show similar oblique thrusting mechanisms, with P axes aligned approximately parallel to the regional orientation of maximum compression (Sánchez et al., 2004) . The oblique thrust mechanism is inconsistent with the regional sense of slip, which is predominantly strike slip in the mid-crust (e.g., Ruppert, 2008) , indicating a reversal of the intermediate and minimum compressive stress axes for the VT earthquakes compared to background (tectonic) faulting. Sán-chez et al. (2004) also found evidence for a reversal of intermediate and minimum compressive stress orientations between the active and inactive periods during and after the 1989 eruption of Redoubt, which implies that such a switch is characteristic of volcanic activity beneath Redoubt.
DISCUSSION
The location of the mid-crustal repeating VT earthquakes and their presence during the period of sustained lava dome growth suggests that these earthquakes are related to activity in or around the magma storage area. The thrust-type focal mechanisms suggest that there was a change in orientation of the minimum compressive stress from horizontal to vertical when these earthquakes occurred, although the maximum compressive stress remained consistent with the regional stress fi eld (Figs. 4B and  4C ). There are three ways to interpret these fault-plane solutions: (1) these earthquakes were caused by regional stresses, with no other (i.e., volcanic) infl uences; (2) the earthquakes were generated by regional stresses combined with a reduction in normal stress on the faults, either from decompression of the rock around a magma chamber and/or conduit system or from increased gas and/or fl uid pressure in the rock hosting the fault zone; or (3) the repeating VT earthquakes were caused by stresses from infl ation of a dike-like conduit acting constructively with regional and/or tectonic stresses. Because the thrust mechanisms are inconsistent with the regional stress fi eld, which appears to be characterized by horizontal maximum and minimum compressive stresses, we rule out hypothesis 1. We are not able to distinguish between hypotheses 2 and 3 with our data; both of these hypotheses rely on activity in the conduit system, however, and both imply that the source of the repeating VT earthquakes is magmatically driven.
Armed with this conclusion, we now considered the shallow LF earthquake swarms in December 2009 and April 2010. These earthquake swarms coincided with the reappearance of the mid-crustal repeating VT earthquakes. On each occasion, fewer than 10 repeating VT earthquakes were detected, far fewer than during the eruptive activity in April and May 2009. Their presence is nonetheless highly signifi cant, as they indicate that the conduit system was once again active and, more importantly, that the shallow LF swarms were driven by this same magmatic activity. We observed no consistent pattern in the timing between the mid-crustal VT earthquakes and the shallow low-frequency swarms; in some instances, the VT earthquakes preceded the shallow swarms, but this was not always true.
Although the shallow LF earthquake swarms were most likely driven by magmatic activity in the mid-crust, their exact source remains unclear. Repeating LF earthquake swarms were observed during the 1989 and 2009 Redoubt eruptions, and were inferred to result from the resonance of fl uidfi lled cracks (e.g., Chouet, 1996; Stephens and Chouet, 2001; Buurman et al., 2012) . Given that no eruptive activity followed the shallow swarms in December 2009 and April 2010, the source of these events is likely to have been fl uids (steam or gas) in cracks high in the edifi ce. We do not consider glacial sources for these LF earthquakes, because much of the crater glacier was removed during the 2009 eruption. The repeating VT earthquakes that occurred deeper in the conduit system are evidence of magmatically induced activity, either from small amounts of magma movement or from depressurization around the magma storage area. The changes around the magma storage region could have produced a pulse of gas that manifested as repeating LF earthquakes as it traveled through the uppermost portions of the edifi ce. The prolonged larger event that occurred at the onset of each swarm (Fig. 1) can be attributed to the reinitiation of the crack or pathway through which the ascending gas was able to escape.
It is also signifi cant that the dome incandescence ceased concurrent with the last of the shallow swarms. The persistent thermal feature observed in the low-light camera was likely one of several degassing J a n 2 1 J a n 3 1 J a n fumaroles on the lava dome (Wessels et al., 2012) , and was visible in the majority of clear images following the end of the eruption until 15 April 2010 (Fig. 3) . In the next clear image of the dome, taken on 1 May 2010, the hot-spot feature had disappeared, and did not recur. We interpret this change as the fi nal sealing of the shallow conduit system. It is noteworthy that this occurred in April 2010, 10 months after the end of eruptive activity at the surface, as it demonstrates how long arc-volcanic systems can remain open following the end of eruptive episodes.
